Twenty villages in the Anning River Valley of southwestern Sichuan China were surveyed for Schistosoma japonicum infections in humans and domestic animals. Also surveyed were human water contact patterns, snail populations, cercarial risk in irrigation systems, and agricultural land use. Few animals were infected, while village prevalence of infection in humans ranged from 3% to 68% and average village eggs per gram of stool ranged from 0 to 110. Except for occupation and education, individual characteristics were not strong determinants of infection intensity within a village. Differences in human infection intensity between these villages are strongly associated with crop type, with low-intensity villages principally growing rice, in contrast to villages devoting more land to vegetables and tobacco. Cercarial risk in village irrigation systems is associated with snail density and human infection intensity through the use of manure-based fertilizer. Some of the agricultural and environmental factors associated with infection risk can be quantified using remote sensing technology.
INTRODUCTION
Here we report the results of an extensive cross-sectional survey of schistosomiasis transmission conducted in 20 villages located in Xichang County in the southern portion of the Anning River Valley in China surrounding Qionghai Lake. The objective of these studies was to identify environmental and agricultural, as well as individual and group factors, responsible for differences in transmission intensity between villages. This study is part of a research program aimed at determining how remote sensing technology can be used to quantify environmental and agricultural factors that significantly modify the potential for disease transmission. This research is motivated by concerns about the long-term effects of global warming on disease transmission and, more immediately, the scale and impact of the ecologic changes arising from completion of the Three Gorges Dam.
The villages lie within a 12 × 12-km area surrounding Qionghai Lake and are populated by approximately 3,900 individuals in four townships: Gaojian, Chuanxing, Daxing, and Hainan (Figure 1 ). The ethnic composition of the population is almost entirely Han with only 2% being of the Yi ethnic minority. These villages were selected to typify the environment of the 196 villages in these townships. Schistosomiasis control programs in these villages are conducted by the Xichang City Anti-Schistosomiasis Station. Thus, diagnostic and treatment protocols are uniformly administered and none of these villages had recently been the subject of special intervention efforts.
The climate is subtropical with an annual average temperature of 17°C and annual rainfall of approximately 1,000 mm, more than 90% of which falls between the beginning of June and the end of October. The landscape is largely irrigated agricultural land, with two growing seasons. The living and working style of people in a village are usually very similar, and the fields that they farm are usually adjacent to their housing areas. However, crops and farming practices do differ between villages and townships, which are largely related to differences in natural terrain, soil conditions, and economic factors. In the lowland villages near the lake (elevation ‫ס‬ 1,520 meters), the predominant crops are rice and wheat, whereas in villages in the terraced foothills (elevation ‫ס‬ 1,810 meters), tobacco, vegetables, and corn are more common.
In general, the agriculture typical of the river valley plains does not rely heavily on animal husbandry. Thus, the animal populations are relatively small in comparison with the high mountain valleys in the region. Animal data collected in the fall of 2000 suggest that animals play a small role in disease transmission, with an average of only six buffalo and four horses per village and infection prevalences < 5% (6 of 124) and < 3% (2 of 78), respectively. Other animals, including dogs, goats, and rats, have been surveyed periodically by county and provincial authorities, but have never been found to be important in sustaining disease transmission in this region. In all of these villages, an important factor in sustaining the disease cycle is that fertilization practices make extensive use of human and animal manure, which is moved from residential pit latrines to field storage pits without treatment and with minimal holding times.
With respect to the degree to which these villages are typical of other endemic areas in China, we note that China has long recognized five general ecosystems in which different environmental factors impact the transmission of Schistosoma japonicum. These are 1) flood plains, 2) plain regions with waterway networks, 3) swamp, marshland, and lake regions, 4) extensive canals, and 5) hilly and mountainous regions. The villages studied here belong to the hilly and mountainous class. However, within this class there are differences in the subspecies of snail involved and in various other environmental and host-related factors that Davis and others propose to be the basis of five ecogenetic modes of transmission. 1 Fundamental to this alternative system is the recognition of differences in the population genetics of the snails that coevolved with the parasite. The subspecies of the Oncomelania snail that populate the environment studied here is Oncomelania hupensis robertsoni, which evolved only at high elevations in the Yunnan and Sichuan provinces above the Three Gorges of the Yangtze River. This subspecies is highly divergent genetically from O. h. hupensis, which is found throughout eastern and southeastern China below the Three Gorges; 2 however, both subspecies are found in hilly and mountainous areas.
Following either the traditional Chinese ecologically based classification or the alternative proposed by Davis and others, these 20 villages are clearly within a single class. However, all 20 villages lie within a sub-area of high priority sites for disease surveillance based on their potential to support snail populations. 3 Despite this, these sites have historically exhibited a wide range of disease prevalence. They represent a range of topographic conditions from flatlands along the lake to steep and highly terraced landscapes at higher elevations. Thus, they provide an opportunity to identify environmental as well as individual and group factors responsible for differences in transmission intensity between villages. In addition, we believe this to be one of the few reports in the English language describing the environmental and agricultural factors associated with endemic schistosomiasis in the hilly and mountainous regions of southwestern China. 4, 5 
METHODS
The survey and surveillance methods used in this investigation followed standard methods and protocols recommended by the Ministry of Health. 6 These include methods for the assessment of the prevalence and intensity of human infection, the determination of the cercarial hazard of surface waters, and the assessment of snail populations, although the latter was supplemented by ditch maps generated using a Global Positioning System (GPS). 7 In addition, we used water-contact questionnaires, developed by the Sichuan Institute of Parasitic Disease, and records held at the township level of acreage devoted to the various crops grown in the region. Data on agricultural land use by season was obtained from the county Land Use Information Office for calendar year 2000.
Human prevalence and intensity of infection (November). Because of the endemic nature of schistosomiasis in these villages, the villagers are familiar with infection surveys and procedures. The availability and timing of testing is announced by village leaders and participation is encouraged although not required. Verbal consent is requested and participation is typically approximately 90% among those in the targeted age groups after follow-up to inform those who may have been out of the village at the time of the announcement.
The infection survey targeted all residents between the ages of 4 and 60 but was open to villagers of any age. At the time of diagnostic testing, an interview was administered. Among the information updated during the interview with each resident were 1) individual characteristics (e.g., sex, height, weight, natural village, education, occupation), 2) general medical history, 3) schistosomiasis infection history (e.g., number of times treated, when last treated) and, 4) among a 25% stratified random sample, location-specific water contact behaviors as discussed later in this report. Stool sampling and analysis were performed at the end of the infection season following Ministry of Health protocols. 6 The first step was to carry out a miricidial hatch test that involved the collection of at least 30 grams of stool from each person on three separate days. In addition, subjects were asked to submit an entire day's stool for quantitative egg count using the Kato-Katz thick smear procedure as recommended by the World Health Organization Steering Committee for Schistosomiasis. 8 In this study, three 41.5-mg slides were examined from previously homogenized stool samples, which results in a total sample weight of 124.5 mg.
Water contact survey (November). At the time the collection of diagnostic samples, a 25% random sample of the study population, stratified by village and occupation, was selected to participate in an interview aimed at assessing the nature, frequency, and location of their water contact by month. The questionnaire was administered orally by one member of the study team. The questionnaire is structured around the following seasonal agricultural activities: washing clothes or vegetables, washing agricultural tools, washing hands and feet, playing or swimming, ditch operation or maintenance, plowing, rice cutting, and fishing. Because respondents were asked to recall the frequency, duration, and location of these activities over a period of up to seven months in the past, responses are susceptible to recall errors.
Snail populations (June). A ditch map of the total snail habitat was created for each village by walking the ditch network with a GPS unit. These data were then downloaded and processed with geographic information system software to generate maps that are then used to index the sampling locations. 7 Subsequently, snail sampling was carried out at fixed 10-meter intervals along the ditch system. At each location, the traditional kuang sampling frame (0.11 m 2 ) was used to collect all snails within the frame. 6 The collected snails are temporarily stored in a paper envelope, coded by location, and returned to the laboratory for determination of their infection status. This is done by crushing individual snails between glass microscope slides and inspecting them using a dissecting microscope at 15−20× magnification.
Cercarial bioassay (July). The cercarial bioassay uses a cage containing five mice suspended above an irrigation canal so that the feet and tails of the mice are in the water. 6, 9 This method is used in preference to filter-based methods because of water turbidity and the sticky nature of S. japonicum cercaria, which make them difficult to recover from container surfaces or tubing of conventional sampling apparatus. Exposure of the mice was for one hour in the morning and a second hour in the afternoon on five consecutive days for a total of 10 hours. Site selection criteria are determined principally by the location of infected snails as determined by the snail surveys or by frequent water contact locations, for example, near residential areas or schools. Cages are also located in ditches at village boundaries to assess import or export of cercaria. In this survey 6−16 sites per village were surveyed during late July. The timing of the exposure is conditioned on water temperature, with colder periods being avoided because of low cercarial infectivity as well as survival of the animals. The animals are held for 35 days following exposure to allow for parasite maturation. They are then dissected and the worms are counted.
RESULTS
The descriptive data on the village population, amount of land farmed, mean household size of study participants, and the primary occupation reported by the villager at the time of sample collection are shown in Table 1 . The actual household size is larger because of the addition of children less than fours years old and adults greater than 60 years old, except for the relatively small number of the latter who were not targeted, but chose to participate in the survey, and are therefore included. The category "Other" in Table 1 includes domestic workers, administrators, teachers, and people working in non-agricultural jobs outside the village. Clearly, these variables suggest a relatively homogeneous population except for rather marked differences in the "other" occupation category. These differences may be due to subtle distinctions between primary and secondary occupations as reported by the villagers. The numbers in parentheses in the Farmer column of Table 1 are the percentage of villagers whose primary or secondary occupation is farmer. Using this classification, we observed that the differences between villages are decreased. The notable remaining differences are in the Gaojian villages (13, 14, and 15) which are close to Xichang City where nonagricultural employment is available.
The age distribution of participants is indicated by the line superimposed in Figure 2A . A random effects model was used to determine the ratio of the variance between villages to the total variance in age and education attributable to differences both within and between villages. These fractions were 0.00086 and 0.025 for age and education, respectively, indicating little difference in the distribution of these variables between the 20 villages.
The infection data by village and occupation with prevalence defined as a positive result in the Kato-Katz procedure or the hatch test, and by intensity as measured by eggs per gram (epg) of stool by the Kato-Katz procedure are summarized in Table 2 . A detailed analysis of these data, focusing on the estimation of the parameters of the distribution of epg, as well as the performance of the diagnostic tests, has been presented elsewhere. 10 There we reported that virtually all samples that were hatch test positive were Kato-Katz positive and vice versa, a somewhat surprising result, but one that has also been observed in routine surveillance work in recent years in the highly endemic areas of Sichuan. These earlier analyses also show that within risk groups defined by village and occupation, the epg counts are highly aggregated among individuals, but that estimates of the degree of that aggregation are confounded by the estimate of the day-to-day variability in egg excretion for an individual at constant worm burden. For present purposes, however, the results presented in Table 2 show that the original objective of selecting villages with a wide range of infection intensities was accomplished. The data generally show the highest intensity of infection among farmers followed by students and others. Figure 2B shows these data by age and sex. In contrast to the patterns seen in populations in endemic areas of China on the lower Yangtze River, the prevalence of infection by age and sex is more uniform and the intensity of infection only slightly more variable when averaged over all 20 villages. 11 Water contact data obtained retrospectively by questionnaire are considered by some to be of dubious reliability, and by others to be the preferred method. [12] [13] [14] While we share concerns in terms of detailed quantitative results, we feel more confident with the qualitative patterns of the data. To summarize the data over tasks, we used an index of water contact based on duration and frequency of tasks weighted by the fraction of the body surface estimated to be wetted. 15, 16 These weights were 0.05 for clothes washing, ditch cleaning, rice cutting, and plowing; 0.03 for washing agricultural tools; 0.12 for washing of hands and feet; 0.20 for playing/swimming; and 0.32 for fishing. All of these activities were in surface waters potentially harboring cercaria as opposed to fish ponds, for example, which have seldom been shown to do so in this setting. 9, 17 The results by village for farmers and students are shown in Figure 3 . The two villages that did not conform to the pattern of the others were villages 8 and 14: Chuanxing Minhe 1 and Gaojian Zhongsuo 8. The former was heavily influenced by playing/swimming reports from the farmers, which was not replicated in other villages, and the latter by washing of hands and feet, and fishing. While we are suspicious of the remarkable uniformity of the contact intensity over time among farmers from the other villages, it does seem plausible that the season-long water contact of farmers is much more uniform than the pattern of students, which shows a distinct summer peak that is consistent with what can be observed in these villages.
A summary of the snail surveys is shown in Table 3 . The number of linear meters of snail habitat is the length of the surveyed irrigation ditches in each village. The area of habitat can be approximated by multiplying the ditch length by 0.25 to 0.50 meters, these being rough estimates of the average distance above the waterline occupied by snails. For each village, a negative binomial distribution was fit to the snail data resulting in the tabled estimates of the mean density per m 2 and the aggregation constant k, which is inversely proportional to the aggregation of snails. Given the large number of snails collected in these surveys, averaging 880 per village, we regard the estimate of mean density and the fraction infected to be reliable although since they are the result of a crosssectional survey, they provide no information regarding the change in density over the season. There is evidence of an overdispersed distribution of snails in all 20 villages, such that a relatively large number of snails are found in a small number of kuang. As expected, the spatial distribution of these high-density kuang are not randomly distributed along the ditches, but clumped. This is most likely due to underlying microecologies in which more snails are found due to their active movement towards conditions they prefer or due to the passive flushing of snails downstream into pockets of high density due to rainfall and field-draining events. The nonuniform distribution of snails can be seen in Figure 4 , which shows the GPS ditch maps of village 10, Chuanxing Xinlong 7, with the snail survey and the mouse bioassay results overlaid. The bioassay data will be discussed later in this report.
Despite the small numbers of infected snails observed in these surveys, an attempt was made to determine if infected snails were clustered to a greater or lesser extent than would be expected from the clustering of uninfected snails. That is, is there evidence that the probability of infection of an individual snail differs by location in the village? The answer to this question has implications for focal mollusciciding since, in one case the target is uninfected snail clusters and, in the other, infected snail clusters (if the latter were stable over time and, given the low rate of snail infection, could be identified in any practical way). The analysis used negative binomial regression, which results in a likelihood ratio test that a negative binomial model better fits the data than a Poisson model, the latter suggesting a uniform infection probability over the village. Not surprisingly, the general result was that the Poisson model cannot be rejected at the 5% level for villages with small numbers of infected snails (villages 1, 5, 8, and 12), but that the negative binomial is a better fit for villages with relatively large numbers of infected snails (villages 4 and 10). Village 9 just lacked sufficient power to choose the negative binomial model over the Poisson model (P ‫ס‬ 0.08). These results suggest that the probability of snail infection is not uniform across the village environment. However, the exceptions are villages 2 and 3, both with a relatively high number of infected snails (22 and 19, respectively) , where the Poisson model is preferred, suggesting a uniform distribution of snail infection. Since this survey was conducted in May, it reflects snail exposure over periods of several months plus infected snails that have over-wintered. Thus, we speculate that the picture in the fall might show a more uniform snail infection probability across the village. Nevertheless, the non-uniform distribution of snail infection in some villages may reflect an uneven distribution of miracidia in the environment that persists over the infection season.
The cercarial bioassay results are shown in Table 4 . As noted earlier in this report, the placement of the mice on the ditch system was dictated by various considerations ranging from popular water contact sites, as identified by the local health personnel, to concerns about import of cercaria from neighboring villages. Village 3, Daxing Shian 5, and village 5, Chuanxing Jiaojia 4, both show only modest importing of cercariae from the outside and are, therefore, candidates for internal control strategies. The village depicted in Figure 4 , Xinlong 7, presents a complicated picture because the village lands are on both sides of the river. All influent cercaria affect the smaller piece of land south of the river. The village itself and the main part of its lands are isolated from upstream sources.
The fraction of village land used in the spring of 2000 for rice and for tobacco plus vegetables versus village mean intensity of human infection is shown in Figure 5 . Clearly, there is a tendency for villages whose spring crop is principally rice to have low average intensity of infection and conversely for those that grow tobacco and vegetables. While we have made no detailed investigation of village and/or chemical fertilizer use for a crop, a preliminary survey suggests that tobacco and vegetables are preferentially fertilized with manure whereas rice is preferentially fertilized with commercial chemical fertilizer. If confirmed, this would provide an explanation for the pattern shown in Figure 5 . That is, it suggests that miracidial input resulting from manure use within the village will be lower in villages whose spring crop is predominately rice as opposed to those with tobacco and vegetables.
Because human parasite burden can accumulate over peri-ods of years, we explored the relationship of egg excretion in humans with various individual predictor variables that might be expected to be relatively stable over time. These data were from the 25% random sample of villagers, comprising a total FIGURE 3 . A, Seasonal water contact index based on duration and frequency of different activities weighted by the fraction of body surface area in contact with water for farmers. Water contact was similar for farmers in 18 villages (error bars show the 18-village mean ± 1 SD), but different from villages 8 and 14 (shown individually). B, Average exposure for students. Water contact was roughly the same for students in 20 villages (error bars show the village mean ± 1 SD). of 1,037, for whom monthly water contact data was available, as well as age, sex, occupation, and education. This analysis used negative binomial regression, initially with one variable at a time. Only education and occupation were significant predictors of egg excretion. These two variables were then combined into a single model and both remained independent predictors. Those with the highest level of education, through high school, showed the lowest mean infection intensity whereas farmers showed the highest levels among occupational groups. Presumably, both education and occupation are proxies for the nature and intensity of water contact in this setting although education may also correspond to increased awareness and access to treatment. However, it is not clear why the water contact variables, based on the questionnaires, were not predictive of infection intensity. However, a similar result has recently been reported by Scott and others, working in northern Senegal, who investigated the issue in detail. 18 
DISCUSSION
While occupation and education were significant individual predictors of infection intensity, these variables were very similarly distributed across villages. Thus, they do not account FIGURE 4 . Map of the irrigation system and results from the snail survey and mouse bioassay for village 10 (Chuangxing Xinlong 7). Note the import of cercariae in the fields south of the river, but isolated fields north of the river. ave. ‫ס‬ average. for the village differences in mean infection intensity. In exploring the relationships between other elements of these data at the village level, we regressed the mean square root worm burden in mice on the product of mean village epg and village population, assuming this product to be an index of the rate of egg/miracidium input to the snail habitat within the village. In so doing, we chose to regard epg as a determinant of cercarial risk, rather than vice versa, because epg reflects cumulative infection intensity in untreated human populations over a time frame of years versus months for infected snails. 19 The resulting slope coefficient differed from zero at a high level of significance (P < 0.0005). A similar regression analysis was carried out, again with village mean square root of worms per mouse as the outcome, but with the percentage of land devoted to rice as the predictor variable as suggested by Figure 5 . Again the regression was highly significant (P < 0.0005) with the worm levels in mice decreasing with increasing percentages of land used for the culture of rice. Mean village snail density was not a significant independent predictor of the bioassay results despite the fact that there is a roughly 30-fold difference in the snail density among these villages, as can be seen from Table 3 . However, all villages with a prevalence of more than 30% have snail densities of greater than 9.7/m 2 , which suggests a threshold effect of snail density.
For these and other village level analyses, the sample size is limited to 20. This restricts the statistical power available to explore multivariate relationships. Thus, we postulate a multivariable structure incorporating the foregoing predictor variables measured at the village level as suggested by dy- namic models of schistosomiasis transmission. 19 Specifically, we assume that the production of snail infections, and subsequently mean cercarial density in the village irrigation system, is proportional to the density of snails times the density of eggs along the ditches. As before, cercarial density is measured by the mouse bioassay. These assumptions yield cercarial risk ‫ס‬ K (snail density)[(epg)(population)(1 -fraction rice)/habitat], a relationship that incorporates the several individual effects discussed earlier, but without the square root transformation on worms per mouse. As discussed earlier, the (1 -fraction rice) term is postulated to represent the fraction of the total egg-laden manure that is distributed as fertilizer. Thus, the term in brackets is the mean density of eggs if all found their way into the ditch system. A linear regression results in an R 2 of 0.95, as shown in Figure 6 , with an intercept not significantly different from zero. Whereas the clustering of these data points along the x-axis certainly inflates the R 2 value, some further non-statistical support can be offered to the foregoing model of factors explaining cercarial risk. In particular, the predictor variables relate to snail infections attributable to processes internal to the village. They do not predict the effects of either miracidial or cercarial input carried into the village from upstream. Thus, it is notable that the two villages at the upper right of the plot, above the regression line, are the only two with high levels of cercaria in influent water at the upstream boundary of the village (Table  4 ). We were able to discern no evidence of imported miracidia in these analyses. The foregoing formulation of cercarial risk can be divided into two parts, one related to the potential for disease transmission and the other to the presence of the parasite in the village population. Our short-term objective is to develop remote sensing methods to allow the estimation of village transmission potential. However, the degree to which the potential for disease transmission in a village is realized, or an estab-lished level controlled, is highly dependent on the degree to which the village snail population and/or its human and animal inhabitants are connected to external sources of the parasite. Connectivity depends on both hydrologic factors and the ease of movement of people and material in the rural environment. These factors may also be amenable to remote estimation, which is of importance because connectivity is a crucial determinant of the focus and scale of effective control strategies.
Finally, while there is little in our findings particularly surprising from broad epidemiologic or parasitologic perspectives, we believe that the apparent dominance of agricultural and environmental factors in determining human infection risk in these villages carries important implications for disease surveillance and control strategies. Specifically, this environment appears to be particularly suitable for the use of existing composting or waste treatment methods for the minimization of parasite input resulting from the use of manure-based fertilizer. Furthermore, snail control through environmental modifications and strategies involving crop selection may also be more promising approaches to disease control in this setting than in other endemic areas of China. 
